The role of adipose tissue in protective immunity is largely unknown. Han et al. reveal that white adipose tissue is a reservoir for memory T cells endowed with a distinct functional and metabolic profile. These memory T cells are able to protect against infection while inducing physiological remodeling of adipose tissue.
INTRODUCTION
White adipose tissue (WAT) physically connects all organs to lymphoid structures and serves as a scaffold for the lymphatic and blood vasculature. This compartment also plays a major role in whole-body energy homeostasis (Rosen and Spiegelman, 2014) . Recent lines of investigation have revealed that metabolic control is tightly entwined with the immune system Chawla, 2013, 2015) . Within WAT, a complex cellular network of immune and stromal cells constantly recognizes and responds to environmental signals in order to regulate metabolism (Brestoff and Artis, 2015) . Recent work has elaborated on this crosstalk in the context of both chronic inflammation and metabolic disorders (Brestoff and Artis, 2015; DiSpirito and Mathis, 2015) . However, the role and properties of the adipose immune network at homeostasis and in orchestrating antimicrobial immune responses remain poorly understood.
In invertebrates, adipose tissue (AT) plays a central role in antimicrobial immunity. In insects, the fat body is the largest organ of the hemocoel and is a primary site of the response to microbial infection via production of antimicrobial peptides (Azeez et al., 2014) . Emerging lines of observation support the idea that this function might also be relevant to vertebrate organisms. For example, in mice, subcutaneous adipocytes can produce antimicrobial peptides after acute infection, thereby promoting innate immunity to Staphylococcus aureus . WAT is also a known source of cytokines and chemokines involved in the induction and/or coordination of host defenses (Ouchi et al., 2011) . Previous work has revealed that memory T cells are present in WAT (Masopust et al., 2001) . Within this compartment, lymphocytes are predominantly localized within organized structures referred to as fat-associated lymphoid clusters (FALCs) or milky spots (in the omentum), which can rapidly expand in response to local inflammatory cues (Moro et to antigenic challenge (Bé né zech et al., 2015) . Notably, the omentum, a specialized visceral AT, is a site of protective immunoglobulin M (IgM) and IgA production Okabe and Medzhitov, 2014; Rangel-Moreno et al., 2009) . Further, inflammation of the pleural or peritoneal cavity rapidly activates FALCs within adjacent WAT, leading to local secretion of IgM (Bé né zech Jackson-Jones et al., 2016) . WAT also harbors distinct subsets of dendritic cells (Fonseca et al., 2015; Sundara Rajan and Longhi, 2016) . However, although observations linking WAT to the immune network are emerging, whether WAT can sustain long-term immunity to infections and the potential impact of those responses for tissue physiology remains unclear. On the basis of the strategic positioning of the adipose compartment at the interface between peripheral tissues and immune inductive sites, we postulate that WAT might play an important role as an immunological shield. Here, we have uncovered WAT as a major hub for memory T cells with potent proliferative, effector, and protective potential. Furthermore, this work also demonstrates that the induction of WAT memory responses results in the remodeling of WAT physiology, including that of adipocytes themselves, and that a trade-off occurs in favor of the induction of antimicrobial responses at the expense of lipid metabolism. Together, our results propose that WAT might represent a unique immune compartment that simultaneously allows for long-term maintenance and rapid reactivation of memory T cells.
RESULTS

WAT Is Enriched with Memory T Cells
The extent to which WAT has a direct role in immune surveillance and long-term protective defenses remains largely unknown. To address this possibility, we first characterized T cells within distinct white adipose depots, namely, two visceral WATs (mesenteric adipose tissue [mAT] and gonadal adipose tissue [gAT] ) and subcutaneous adipose tissue (scAT). Intravenous in vivo labeling of circulating cells (Anderson et al., 2014) confirmed that >95% of the hematopoietic compartment obtained after perfusion and tissue dissociation was contained within WAT ( Figure S1A ). At steady state, T cells made up a sizeable proportion ($5%-10%) of the hematopoietic compartment in all adipose sites tested ( Figure S1B ). As previously described, WAT is home to T helper 2 (Th2) cells (expressing transcription factor GATA-3 and cytokines interleukin-5 [IL-5] and IL-13), as well as Foxp3 + T regulatory (Treg) cells (Figures S1C-S1E) (Brestoff and Artis, 2015; Feuerer et al., 2009b) . A high frequency of CD4 + T cells residing within WAT expressed a Th1 (expressing the transcription factor T-bet and cytokines interferon-g [IFN-g] and/or tumor necrosis factor a [TNF-a]) or Th17 (expressing the cytokine IL-17A) effector profile ( Figures 1A-1C and S1C-S1E) (Feuerer et al., 2009a; Zú ñ iga et al., 2010) . Further, a dominant fraction of the CD8 + T cells in WAT expressed T-bet and had the potential to produce the cytokines IFN-g and/or TNF-a (Figures 1A -1C and S1D) (Feuerer et al., 2009a; Zú ñ iga et al., 2010) . Consistent with the high effector potential of WAT-associated lymphocytes, >60% of mAT T cells expressed CD44, the marker of antigen experience, and the majority of those were negative for CD62L, a phenotype characteristic of effector memory (Tem) and resident memory (Trm) T cell populations (Figures 1D and S1F (Figures 1D , 1E, and S1F), a population found predominantly in secondary lymphoid organs. The three memory subsets were also found in other WATs analyzed, supporting the idea of a preferential tropism for memory T cells across the white adipose compartment ( Figure 1E ). Trm cells occupy numerous tissue sites without recirculating and are endowed with local protective function (Mueller and Mackay, 2016; . We next assessed whether the CD44 + CD62L À CD69 + T cells in mAT were bona fide Trm cells. To this end, we performed parabiosis experiments, which distinguish between resident and recirculating cell populations (Klonowski et al., 2004) . Congenically distinct naive mice were conjoined for 6 weeks, and the origin of T cell populations was assessed on the basis of differential expression of congenic markers. As previously demonstrated (Klonowski et al., 2004; Schenkel et al., 2013) Treg cells exhibited a slight bias toward host origin (Figures 1F and S1G). As previously described within the small intestine lamina propria (siLP) (Skon et al., 2013) an equilibrium comparable to that in the spleen and mLNs, suggesting that (as in the skin) these cells were not resident in the siLP at homeostasis ( Figure 1F ) (Collins et al., 2016) . Similarly, within mAT, T cells expressing a Trm phenotype were predominantly ($80%-90%) host derived and, as such, bona fide Trm cells ( Figure 1F ). Within mAT, the majority of Trm cells expressed integrin CD11a, lymphocyte antigen 6 complex (Ly-6C), CD122 (IL-2/IL15Rb), chemokine receptor CCR9, and CD127 (IL-7Ra), and CD4 + Trm cells also expressed integrin a4b7 ( Figure S1H ). Both CD4 + and CD8 + Trm cells were predominantly negative for co-inhibitory receptor KLRG1 (Mackay et al., 2013) and had low expression of the chemokine receptor CCR7, and in agreement with previous observations showing variable levels of the integrin aE (CD103) across tissues (Steinert et al., 2015) , mAT Trm cells did not express CD103 ( Figure S1H and S1I). Thus, WAT contained all three major subsets of memory T cells, including a population of Trm cells. We next assessed the extent to which constitutive accumulation of memory T cells could be a general feature of WAT across species. In non-human primates (Macaca mulatta), CD28 and CD95 can distinguish between naive and antigenexperienced T cell populations ( Figure 1G ) (Lugli et al., 2013; Pitcher et al., 2002) . Within antigen-experienced populations (CD95 + ), CD28 expression can be used to discriminate the fraction containing Tcm and/or stem cell memory (Tscm) T cells from Tem and/or Trm cells ( Figure 1G ) (Lugli et al., 2013; Pitcher et al., 2002) . According to this strategy, mAT contained more Tcm, Tscm, Tem, and Trm CD8 + T cells than naive T cells, and the CD4 + T cell compartment was mostly composed of Tcm and Tscm cells ( Figure 1H ). CD69 expression has also been associated with Trm cells in primates (Pichyangkul et al., 2015) . Within the CD8 + Tem and/or Trm populations, the vast majority of cells expressed CD69, suggesting that these were Trm cells ( Figures 1I and 1J ). Further, most T cells within all memory subsets isolated from WAT had the potential to produce type 1 cytokines, such that >50% of memory CD8 + T cells and >20% of memory CD4 + T cells expressed both IFN-g and TNF-a ( Figures 1K and S1J ). These observations support the idea that the accumulation of memory T cell populations with type 1 effector potential is also characteristic of primate WAT. Thus, in both rodents and primates, WAT represents a constitutive niche for memory T cells.
Memory T Cells Accumulate in mAT after Mucosal Infections
We next assessed whether WAT can be a site for the accumulation of pathogen-specific T cells. Oral infection with the protozoan parasite Toxoplasma gondii, leads to a transient acute infection, followed by parasite persistence at defined sites (not WAT) ( Figure S2A ) (Cohen and Denkers, 2015) . During the chronic phase of infection, the frequency and number of IFN-g-producing CD8
+ and CD4 + T cells within mAT were higher than those in naive mice ( Figure 2A ). T. gondii-specific memory T cells were detected at a higher frequency within mAT than in the siLP ( Figure 2B ), and a higher proportion from mAT (assessed by both percentage and mean fluorescence intensity [MFI] ) than from the siLP had the potential to produce IFN-g ( Figures 2C, 2D , S2B, and S2C).
We next employed a model of acute infection that is not associated with microbial persistence. In mice, oral infection with the gram-negative bacterial pathogen Yersinia pseudotuberculosis (32777) produces a transient systemic infection, and bacteria are cleared by 21 days after infection (Fonseca et al., 2015) . The T cell response can be monitored with a tetramer reagent (YopE:K b+ ) against YopE 69-77 , an epitope from the secreted effector protein YopE (Zhang et al., 2014) . YopE 69-77 -specific responses were first observed within the mLNs and siLP and were not detectable within mAT until 6 days after infection (Figure S2D) , supporting the idea that mAT is unlikely to be a major site of T cell priming. By 15 days after infection, YopE 69-77 -specific T cells represented nearly half of mAT CD8 + T cells, and after contraction, these cells were maintained at a stable level for at least 4 months in all sites analyzed (Figures 2E and 2F) . After bacterial clearance, all three memory T cell subsets (Tcm, Tem, and Trm) were found within the YopE 69-77 -specific CD8 + T cell population, and $40% of these cells were found to express a Trm phenotype within mAT ( Figure 2G ). 
Trm cells Tem cells Trm cells
Tem cells To assess the functional relevance of memory T cells within mAT in a manner uncoupled from long-term immunological defects (Fonseca et al., 2015) , we utilized a mutant strain of Y. pseudotuberculosis that does not cause mesenteric lymphadenopathy ( Figure S2E ) (Viboud and Bliska, 2005 Figures 2J, 2K , S2H, and S2I). We next performed parabiosis between naive mice and mice that had previously been infected with Yptb DyopM bacteria >4 weeks before joining. This revealed that WAT YopE 69-77 -specific T cells were predominantly tissue resident and thus were Trm cells ( Figure 2L ). Therefore, WAT represents an important reservoir of pathogen-specific memory T cells, including Trm cells.
The Attributes of WAT Memory T Cells Are Distinct from Those of Memory T Cells at Other Tissue Sites
We next explored the possibility that WAT could imprint distinct properties on memory T cells. Gene expression in memory T cells from the siLP, mAT, and spleen was assessed in mice previously infected with Yptb DyopM. Only 44 genes with a R2-fold difference between CD8 + Trm and Tem cells within mAT were identified, supporting the idea that both subsets are strongly imprinted by WAT ( Figure 3A ). On the other hand, >500 genes were expressed at R2-fold higher levels in mAT memory cells than in their counterparts at other sites (Figure 3A) . Pathway analysis revealed better metabolic and effector functionalities in memory T cells from WAT than from the siLP or spleen . When compared with memory T cells at other sites, mAT Trm and Tem cells had differences in their expression of genes from pathways related to T cell activation and differentiation, cytokine secretion, lipid biosynthesis and efflux, and the cell cycle (Figures 3B and S3A-S3C).
YopE 69-77 -specific Tem and Trm cells expressed higher levels of Ki67 in mAT than in the siLP or mLNs, and cell-cycle analysis revealed that the majority of YopE 69-77 -specific Tem and Trm cells in the mAT of previously infected mice were in the S, G 2 , or M stage of the cell cycle, indicating that they had entered the replicative phase ( Figures 3C and 3D ). In contrast, spleen and siLP YopE 69-77 -specific Tem and Trm cells were primarily in the G 0 and G 1 phases ( Figure 3D ). BrdU incorporation at the memory stage indicated that YopE 69-77 -specific memory T cells were indeed more proliferative in mAT than in other tissues ( Figures 3E and S3D) . Thus, memory cells found in WAT displayed enhanced levels of homeostatic proliferation.
We performed lipid-uptake and mitochondrial-staining assays to assess whether WAT Tem and Trm cells were metabolically distinct from those in other organs. When incubated directly ex vivo with the fluorescently labeled long-chain fatty acid palmitate (Bodipy FL C16), WAT YopE 69-77 -specific Tem and Trm cells had higher rates of lipid uptake than those from the spleen or siLP ( Figure 3F ). Further, active mitochondrial respiration (Zhou et al., 2011) was significantly elevated in WAT YopE 69-77 -specific Tem and Trm cells ( Figure 3G ). In these assays, Tem and Trm cells had comparable proliferative potentials and rates of lipid uptake and mitochondrial respiration ( Figures 3C-3G and S3D) .
Thus, the dominant accumulation of memory T cell populations within WAT, coupled with their high proliferative and metabolic activity, supports the idea that WAT might represent an optimal environment to support memory T cell longevity and function.
WAT T Cells Can Protect against Secondary Infection
We next tested whether pathogen-specific T cells within mAT can efficiently respond to secondary challenge and the impact of this response on WAT physiology. In the context of secondary exposure to Y. pseudotuberculosis, CD8 + T cells play an important protective role (Bergman et al., 2009 ). On day 6 after primary or secondary challenge infection, FALC numbers were significantly higher in mAT after secondary infection than after primary infection, and CD8 + T cells were increased within the FALCs and throughout the whole tissue ( Figures 4A-4C ). YopE 69-77 -specific T cells were also significantly more abundant within WAT after reinfection than after primary infection ( Figure 4D ). 
(legend continued on next page)
Because WAT interfaces with all organs, assessing the role of this compartment independently of adjacent tissues or lymphoid structures remains technically challenging. Thus, we employed a WAT transplant approach in which WAT from naive or previously Yptb DyopM-infected mice was transferred into naive Rag1 À/À recipients ( Figure S4A ). Mice were then challenged intravenously (i.v.) with a lethal dose of Y. pseudotuberculosis. After challenge, T cells were redeployed from the transplanted tissue and observed at other tissue sites (data not shown). Mice transplanted with WAT from previously infected mice were significantly protected from mortality in comparison with mice transplanted with WAT from naive donors, and protection was lost after T cell depletion ( Figure 4E ). Together, these results support the idea that WAT containing memory T cells is sufficient to confer protection against a lethal challenge.
WAT Memory T Cells Have Enhanced Effector Potential
We next assessed the quality and kinetics of recall responses within WAT. Mice that had previously cleared the infection were subsequently challenged i.v. with YopE 69-77 peptide. This approach enabled a controlled in vivo comparison of the impact of memory CD8 + T cell recall between compartments. As early as 1 hr after peptide injection, a response from YopE 69-77 -specific CD8 + T cells was detectable within mAT and the siLP, as assessed by a significant increase in CD69 MFI ( Figure 5A ). However, Ki67 expression by YopE 69-77 -specific CD8 + T cells remained significantly higher in mAT than in the siLP ( Figure S5A ). Furthermore, as assessed by direct ex vivo staining, the majority of YopE 69-77 -specific CD8 + T cells from mAT co-expressed IFN-g and TNF-a by 1 hr after peptide injection, whereas YopE 69-77 -specific CD8 + T cells from the siLP produced only IFN-g (Figure 5B) . Similarly, within 1 hr after injection of T. gondii-derived peptide, T cells from the WAT of previously infected mice also co-expressed IFN-g and TNF-a, whereas siLP T cells did not, indicating that the enhanced response to secondary challenge within WAT was conserved across infectious models ( Figures  5C, S5B , and S5C). Because of TCR downregulation after peptide encounter (Valitutti et al., 1995) , tracking tetramer + cells was no longer possible 4 hr after challenge ( Figures S5D and  S5E ). Thus, WAT contained a highly reactive population of memory T cells endowed with rapid and enhanced effector potential. Consistent with previous reports on Trm cell reactivation within tissues (Schenkel et al., 2013) , recall of YopE 69-77 -specific CD8 + T cells had a potent effect on chemokine gene expression by WAT 4 hr after peptide challenge ( Figure S5F ). As early as 4 hr after secondary challenge, WAT exhibited a broad response to antigen challenge by upregulating numerous genes involved in antimicrobial defenses, including type I and II IFN-induced gene signatures ( Figure S5G ). Innate cell assessment revealed a strong influx of monocytes and neutrophils by 4 hr, which remained elevated up to 24 hr after challenge ( Figures 5D, 5E , and S5H). Thus, as previously shown for Trm cells at other sites (Ariotti et al., 2014; Schenkel et al., 2013) , antigen-specific recall responses within WAT were associated with tissue-wide effector responses.
WAT Response to T Cell Recall
The homeostatic function of WAT is to regulate lipid homeostasis by storing and releasing free fatty acids and modulating energy balance. Recall of memory T cells led to distinct changes in gene expression 4 and 18 hr after peptide injection ( Figure S6A ). Pathway analysis of genes downregulated 18 hr after peptide injection revealed that the majority of highly downregulated Gene Ontology (GO) pathways were metabolic pathways, and gene expression of lipid metabolic pathways (including lipid biosynthetic processes; thioester, triglyceride, and neutral lipid metabolic processes; and cholesterol and long-chain fatty-acyl-CoA metabolic processes) was profoundly reduced (Figures 6A and  6B) . Indeed, compared with vehicle control, peptide re-challenge resulted in a modest but significant reduction in serum levels of adiponectin and cholesterol within 4 hr ( Figures 6C  and 6D ). Thus, a recall response against a single antigen was sufficient to alter levels of defined circulating lipids. We also found a significant downregulation of genes involved in lipid synthesisincluding Fasn, Acaca, and Dgat2-by the adipocytes themselves ( Figure 6E ). Adipocytes also upregulated IFN-inducible antimicrobial genes, including Gbp4, Gbp11, and Ifi47, but no changes were observed in Pparg expression, supporting the idea that adipocyte cell identity was maintained ( Figures 6F  and S6B ). To assess the intrinsic ability of WAT to respond to local T cell recall independently of potential systemic effects of T cells at other sites, we used an ex vivo explant system. mAT from mice that had been infected >4 weeks earlier with Yptb DyopM (and therefore had cleared the infection) was co-cultured with peptide or vehicle control for 48 hr. Peptide stimulation of memory T cells within the mAT explant led to the upregulation of antimicrobial genes, as well as downregulation of genes involved in lipid synthesis in WAT, including Dgat2, Fasn, and Acaca ( Figure 6G ). These changes in gene expression were also linked to alterations in mAT functionality, including a significant downregulation in the ability of mAT to release glycerol ( Figure 6H ). Thus, in the context of memory responses, the physiology of WAT (and of adipocytes themselves) was profoundly remodeled, and our results suggest the occurrence of a tradeoff in which antimicrobial responses were elevated at the expense of lipid metabolism. Together, our results demonstrate that WAT is a dominant reservoir of memory T cells with high homeostatic proliferation and effector potential and that T cell recall within WAT has tissue-intrinsic consequences for both antimicrobial defense and tissue metabolism.
DISCUSSION
In recent years, previous work has uncovered the cross talk between the adipose compartment and the immune system in the context of both chronic inflammation and metabolic disorders (E) Pooled mAT, scat, and gAT isolated from either naive donors or donors >4 weeks after infection with Yptb DyopM were subcutaneously transplanted into Rag1 À/À mice. Rag1 À/À mice receiving WAT from previously infected mice were either left untreated or injected with anti-CD4 and anti-CD8 depleting antibodies. 
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+ T cells C C t r l . P e p . C t r l . P e p . C t r l . P e p . C t r l . P e p . C t r l . P e p . C t r l . P e p . ( DiSpirito and Mathis, 2015) . However, the physiological function of the WAT immune system, independent of metabolic control and syndromes, remains virtually unknown. Here, we have uncovered a role for WAT as both a constitutive hub for memory T cells and a direct site of potent memory responses. Our work also demonstrates that the activation of immune recall responses specifically within WAT could result in a dramatic switch from homeostatic WAT metabolic functions in favor of antimicrobial defense.
A growing body of literature has revealed that WAT represents a potential reservoir for numerous pathogens, including HIV, Trypanosoma sp., Mycobacterium tuberculosis, or Plasmodium sp. (Chun et al., 2015; Couturier et al., 2015; Damouche et al., 2015; Ferreira et al., 2011; Franke-Fayard et al., 2005; Neyrolles et al., 2006; Teixeira et al., 2015; Trindade et al., 2016) . Even when pathogens do not directly target WAT, presumably nearly all microbes or microbial-derived antigens can, at least transiently, access this compartment. Indeed, previous studies 2.0 C t r l . P e p . C t r l . P e p . C t r l . P e p . C t r l . P e p . C t r l . P e p . C t r l . P e p . C t r l . P e p . C t r l . P e p . Fasn ns C t r l . P e p . C t r l . P e p . C t r l . P e p . C t r l . P e p . C t r l . P e p .
ex vivo YopE peptide restimulation Error bars in all graphs represent SD. Data represent at least five experiments with two to seven mice per group. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. See Figure S6 .
have shown that larger, contractile lymphatics, such as those in mAT, are permeable to soluble antigens, and inflammation leads to leakage from the lymphatic vessels (Aldrich and SevickMuraca, 2013; Cromer et al., 2014; Fonseca et al., 2015; Scallan et al., 2013; Scallan and Huxley, 2010; Sundara Rajan and Longhi, 2016) . Thus, lymphatic drainage from infected tissues might be coupled with antigen or microbial entrapment within the surrounding WAT. WAT also provides a physical connection between all organs and their associated lymphoid structures, a property that might reinforce its function as a dominant immune shield.
Immunological memory is one of the cardinal features of the adaptive immune system and is required for host fitness and survival in the face of pathogen re-encounter. Here, we have revealed WAT as a reservoir of memory T cells. Although immunity (particularly type 2 immunity) has been extensively explored in this compartment (Odegaard and Chawla, 2015) , we found that WAT is home to memory T cell populations, many of which are endowed with a type 1 effector potential, in both mice and non-human primates. We found that this tissue contains all major subsets of memory T cells, including Tcm, Tem, and predominantly Trm cells, at steady state and after infection. Trm cells, a recently described lymphocyte population that occupies tissues without recirculating, have been particularly well characterized at barrier sites, such as the skin and gut (Mueller and Mackay, 2016) . Because Trm cells occupy frontline sites of infection, these cells have been shown to provide a first line of defense against microbes re-encountered at body surfaces (Jiang et al., 2012) . This property is highly relevant to the adipose compartment that bridges infected tissue and lymphoid structures. We also observed the systemic distribution of Tcm, Tem, and Trm subsets of memory T cells in all examined WATs, which cumulatively represent 15% of healthy mammals. Thus, our present work has uncovered a potential dominant reservoir of memory cells.
Evidence supporting a developmental link between metabolism and immunity can be found in lower organisms, in which immune and metabolic responses are controlled by the same organ: the fat body. Our present work supports the idea that in higher organisms, AT remains tightly entwined with protective immunity. Our present observations also provide a rationale for some recent findings about the metabolic requirements for memory T cell survival. Long-lived memory T cells have more mitochondrial reserve (spare respiratory capacity) and predominantly utilize mitochondrial fatty acid oxidation (FAO) for persistence and their ability to robustly respond to antigen stimulation (Buck et al., 2015; O'Sullivan et al., 2014; van der Windt et al., 2012; van der Windt et al., 2013) . Circulating memory T cells preferentially use de novo fatty acid synthesis to fuel FAO, and glycerol import by memory T cells is required for T cell longevity (Cui et al., 2015; O'Sullivan et al., 2014) . A recent report also showed that skin Trm cell survival requires exogenous lipid uptake and metabolism (Pan et al., 2017) . We also found that WAT memory T cells had increased fatty acid uptake and elevated mitochondrial function, supporting the idea that WAT memory T cells most likely undergo more FAO than memory T cells at other sites. Both fatty acids and glycerol represent major products of adipose cell metabolism; thus, we could speculate that WAT might offer the ideal metabolic milieu for immunological memory maintenance.
In addition to having a numeric advantage, pathogen-specific WAT CD8 + Trm and Tem cells were characterized by a higher proliferative capacity at steady state than were antigen-specific Trm cells found at other sites. Further, these cells had a broad and rapid response to antigen re-encounter. The extent to which the unique metabolic environment of WAT contributes to enhanced homeostatic proliferation and rapid effector responses remains to be addressed. A target of these responses was adipocytes themselves, which upregulated genes linked to antimicrobial defense, in line with a report showing that subcutaneous adipocytes can produce antimicrobial peptides in response to infectious challenge . Thus, WAT and adipocytes are direct targets of immune memory responses and could contribute to the chain reaction of innate responses triggered by memory responses.
Immune defense is subject to a trade-off with other energydemanding processes. WAT constitutively regulates glucose and lipid homeostasis by storing and releasing free fatty acids and modulating energy balance via the secretion of adipokines (Stern et al., 2016) . We found that the abrupt shift toward antimicrobial defenses came at the cost of the physiological metabolic function of this tissue, including within adipocytes themselves. At the tissue level, all pathways linked to lipid metabolism, including biosynthetic and metabolic lipid processes, were profoundly suppressed after recall. This contrasts with what is currently understood in the context of inflammation, a setting associated with enhanced lipolysis of adipocytes (DiSpirito and Mathis, 2015; O'Neill et al., 2016) . However, in the context of memory responses, a transient shut down of lipid metabolism in favor of antimicrobial function could be a strategy for rapidly controlling invasive microbes. Understanding the physiological consequences of cyclic alteration of WAT metabolism remains to be addressed.
Together, our results propose that WAT might represent an early warning system that allows for long-term maintenance and rapid reactivation of memory T cells. Physical coupling of energy storage with the preservation of immunological memory might represent an important host survival strategy for optimal maintenance of the memory pool and host defense during periods of food deprivation. A better understanding of the partnership between WAT and immunological memory could help us design optimal strategies to induce and maintain protective responses.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
METHOD DETAILS
Isolation of Cells Cells were isolated from spleen, mLN, IEL, and siLP as previously described (Sun et al., 2007) . Other organs were processed for cell isolation using previously described methods. Briefly, cell isolation from lungs was performed by extracting and mincing the lungs before digestion for 20 min at 37 C with Collagenase IV (2 mg/mL) (Sigma) and DNase (1 mg/mL) (Sigma) and filtration through a 70 mm filter. For cell extraction from the liver and salivary glands, organs were minced and digested in Collagenase IV (1 mg/mL) (Sigma) and DNase I (0.5 mg/mL) (Sigma) for 60 min at 37 C with agitation, and then filtered through 70 mm filters. Isolation of cells from different adipose tissues (mAT, scAT, gAT) was performed as previously described (Fonseca et al., 2015) . In brief, WAT was removed, weighed, and chopped in digestion media containing DMEM with 1% low fatty acid BSA, 50 mM HEPES, Liberase TL (0.05 mg/mL) (Roche) and DNase I (0.25 mg/mL) (Sigma) and incubated for 25 min at 37 C with agitation. The tissue was then filtered through 70 mm filters. For some samples stained for cytokine production, cells were stimulated with phorbol myristate acetate (PMA) (50 ng/mL), ionomycin (1 mM), and BD GolgiPlug (BFA) (1 mL/mL) at 37 for 2.5 hr before staining for flow cytometry. Isolation of cells from the mAT of rhesus macaques was performed similarly to isolation from murine mAT. Subsequently, cells were frozen in FBS with 10% DMSO until stimulation with PMA (5 ng/mL) and ionomycin (1 mM) with BD GolgiPlug (BFA) (1 mL/mL) overnight at 37 C before staining.
Microscopy
Confocal microscopy was performed as previously described (Bé né zech et al., 2015) , by fixing whole mAT tissue in 4% PFA for 1 hr, followed by 30 min of permeabilization in 1% Triton X, before staining at room temperature for 1 hr to overnight with primary antibodies and then 30 min at room temperature with secondary antibodies. Images were acquired on a Leica Sp8 inverted 5 channel confocal microscope. Whole mAT images were acquired on a Leica M205 stereomicroscope. Images were analyzed using Imaris Bitplane software.
Microarray Gene Expression Analysis
For microarray of total tissue homogenate, mAT was isolated from naive or Yptb DyopM infected memory (>4 weeks) mice challenged with either peptide or vehicle control intravenously for 4 or 18 hr before tissue extraction. Tissue was stored at À80 C in RNAlater until extraction. Briefly, tissues were lysed in Trizol using bead disruption and RNA was extracted using phenol/chloroform extraction followed by the miRNeasy kit (QIAGEN) according to the manufacturer's instructions. Pathway analysis was performed using Enrichr (http://amp.pharm.mssm.edu/Enrichr/) based on all genes downregulated between vehicle treated and 18 hr peptide injected samples. Redundant gene lists obtained from the GO term database on the Enrichr site were collapsed. The top 10 GO pathways are shown based on enrichment score (log10 (adjusted p value)) and top 2 are used for the diagonal plot.
Parabiosis Parabiosis was performed as described elsewhere (Wright et al., 2001) . Briefly, mice were sedated and longitudinal incisions were made from the elbow to the knee joint of each mouse. Excess skin was removed and mice were joined at the joints. The skin of the two animals was then connected and sutured together. Animals were kept on antibiotics for 2 weeks and remained conjoined for 4-8 weeks before analysis. For experiments where previously infected mice were included in the pairs, mice were infected for 4-8 weeks with Y. pseudotuberculosis DyopM prior to the surgical procedure to allow the mice to clear the pathogen and reach the memory phase.
Cell Cycle and Proliferation Analysis
For cell cycle stage analysis, cells were isolated from the indicated organs and surface stained for flow cytometry as described above, before staining with Vybrant DyeCycle Violet (eBioscience) according to manufacturer's instructions. For cell proliferation analysis, mice were injected with 1mg BrdU (Thermo Fisher or BD Biosciences) i.p. daily for 12 days. Organs were processed and cells were surface stained for flow cytometry as described above. Using the FITC BrdU Flow kit (BD Biosciences), cells were permeabilized with Cytofix/Cytoperm, washed with Perm Wash, and permeabilized a second time in Cytofix/Cytoperm Plus, and treated with DNase I (1 mg/mL) (Sigma Aldrich) for 1 hr at 37 C before staining with anti-BrdU (BD Biosciences).
MitoTracker Staining Cells were isolated as described above and surface stained for flow cytometry. Cells were then stained with MitoTracker Deep Red (Thermo Fisher) as per manufacturer's instructions.
Fatty Acid Uptake
After cell isolation and surface staining as described above, ex vivo fatty acid uptake was assessed by incubating cells at 37 C for 30 min with 0.2 mg/mL Bodipy FL C16 (Life Technologies). spleen, and mAT of mice infected with Yptb DyopM by oral gavage >4 weeks before FACS sorting. Cells were pooled to reach at least 5,000 cells per sample. RNA was extracted using the Arcturus PicoPure RNA Isolation kit (Thermo Fisher) as described by the manufacturer. Ultra-low input mRNA-seq libraries were created, pooled, and sequenced on NextSeq flowcells using NextSeq High v2 chemistry, 75 bp paired-end reads. Sequencing yields were 101-147 million pass filtered reads and the percentage of Q30 bases was above 87% for all samples. The reads from the Illumina NextSeq sequencer in fastq format were verified for quality control using the FastQC software package version 0.11.5. The low-quality segments of the read were trimmed with the tool Trimmomatic (Bolger et al., 2014) using: seed mismatches:3, palindrome clip threshold:50, simple clip threshold:10, sliding window:4, required quality:20, minimum length after trimming:40 and maximum read length to error rate of 50:0.8. The quality filtered reads were aligned to mouse genome GRCM38 using RSEM package (Li and Dewey, 2011) using default parameters and using STAR aligner (Dobin et al., 2013) . The expected RSEM counts were rounded to the nearest integer value and the transcripts with zero counts across all the samples were filtered out. The transcripts with little or no variance across the samples were also deemed uninformative and therefore eliminated. Normalization of the data and differential expression analysis was performed using the DEseq pipeline (Anders and Huber, 2010) . The effect of confounded variables was nullified using the SVA package (Leek and Storey, 2007) before differential expression analysis. Differential expression analysis of the Trm cell samples with Tem samples was performed. Differential expression analysis among the Trm cell samples from various tissues was also performed. The differentially expressed genes were evaluated for their functional significance using KEGG based pathway analysis, Gene Ontology term enrichment using the domain biological processes, and the tool clusterProfiler ). Obtained GO pathways were then clustered together based on shared genes using custom R package. In short, a Spearman correlation matrix between the pathways was calculated and a network was constructed using Bonferroni corrected p < 0.01 and a correlation coefficient r > 0.3 between the nodes (pathways) as a cutoff. Resultant network was further visualized and analyzed in Cytoscape 3.4.0 using ClusterOne plugin (Nepusz et al., 2012) with default values to obtain a list of clusters of correlated pathways. Average value of the ratios of the positively or negatively regulated genes in all pathways for all significant (q < 0.01) clusters were calculated and adjusted based on total number of number of the genes that were up-or down-regulated.
RNA-Seq
White Adipose Tissue Explant Cultures
Mice were perfused and WAT was removed and cultured for 48 hr as previously described (Gericke et al., 2015) . In brief, WAT was minced and cultured with YopE 69-77 peptide (20 mg/mL) or equal volume of vehicle (DMSO) in supplemented RPMI (1% insulin-transferrin-selenium mixture [Sigma Aldrich], 1% FBS, and penicillin/streptomycin [Corning]) in a 6 well plate at 37 C with 5% CO 2 for 48 hr. Supernatants were removed for analysis using the Free Glycerol Determination kit (Sigma). Samples were then washed and stored in Trizol at À80 C for RNA extraction as described above.
Determination of Serum Levels of Adiponectin and Cholesterol
Levels of adiponectin were determined in serum using the mouse adiponectin/Acrp30 ELISA duoset (R&D systems) following the manufacturer's instructions. Levels of cholesterol in serum were determined using the Infinity Cholesterol Liquid Stable Reagent as directed by the manufacturer (Thermo Scientific).
White Adipose Tissue Transplantation WAT transplantation was performed as has been previously described (Gavrilova et al., 2000) . Briefly, congenic donor mice were perfused and WAT was isolated, LNs were removed, and tissue was kept in cold PBS until transfer. Recipient mice were sedated, a 1 cm long incision was made in the abdominal skin, and WAT was transferred into the subcutaneous space. The incision was closed by suture and mice received trimethoprim-sulfamethoxazole in the drinking water for 7 days. Mice were then given antibiotic-free water for 7 additional days before infectious challenge as described in the relevant figures. For CD4 + and CD8 + T cell depletion, mice were given 0.25 mg of anti-CD4 (GK1.5) or anti-CD8 (2.43) depleting antibodies (BioXcell) by intraperitoneal injection every 2-3 days. Survival was assessed daily.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical Analysis
Data are presented as the mean ± standard deviation. Group sizes were selected based on preliminary experiments. Statistical significance was determined using two tailed-unpaired Student's t test or ANOVA adjusted for multiple comparisons. All statistical analysis was performed using the Prism software (GraphPad). Statistical significance is indicated as ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
DATA AND SOFTWARE AVAILABILITY
The accession number for the microarray datasets is GEO: GSE104955. The accession number for the RNA-seq datasets is BioProject: PRJNA414132.
